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TITLE: ENHANCED VITERBI DECODER FOR WIRELESS APPLICATIONS 

Field of the Invention 

The present invention relates generally to Viterbi decoding systems, and 
5 in particular to a system and method for providing flexible, high-speed, and low- 
power decoding (based on the Viterbi algorithm) of convolutional codes for 
wireless and other type communication applications. 



Background of the Invention 

10 Modern society has witnessed a dramatic increase in wireless 

communications. Wireless technology (e.g., satellite, microwave) has provided a 
system whereby cellular and other communications have become an ever 
increasing necessity. In order to satisfy the demand for increased and reliable 
communications capability, more flexible, powerful, and efficient systems are 

15 needed. In particular, forward error correction systems must be improved to 
satisfy society's need for increased wireless communications. 

Fon/vard error correction systems are a necessary component in many of 
today's communications systems. These systems generally add robustness to 
communications systems by substantially correcting errors that may occur during 

20 transmission and reception of wireless data. This is particularly true for systems 
which are limited in power and/or bandwidth. Often, convolutional coding is a 
key part in such forward error correction systems. In general, convolutional 
coding systems introduce redundancy data into a wireless data transmission so 
that random errors occurring in the transmission have a high probability of being 

25 corrected. Consequently, decoding systems (e.g., a Viterbi decoder) must be in 
place to decode the convolutionally coded data upon reception of the transmitted 
data, and thereby reconstruct the actual data transmission. 

Referring to prior art Fig. 1 , a wireless communications system 10 
illustrates a particular challenge presented to a conventional wireless system. A 

30 transmitter 20 directs a communications signal 24 to a satellite system 30. The 
satellite system 30, upon receiving the communications signal 24, then directs a 
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communications signal 24a to a ground base station 32 wherein the signal is 
processed for the intended destination. Anytime during transmission of the 
communications signal 24 and 24a, noise 34 may corrupt a portion of the 
transmission (cause an error), thereby causing improper signal reception at the 
5 base station 32. If error correction systems were not provided, the signal would 
likely have to be re-transmitted in order to be properly received at the base 
station 32. Thus, inefficiencies and increased costs are likely results. 

Fig. 2 illustrates a prior art error correction system 40 employing 
convolutional encoding and Viterbi decoding for increasing the likelihood that 

10 transmission signals may be properly communicated despite the presence of 
noise. Input data 42 {e.g., audio, video, computer data) is input to a 
convolutional encoder 44. Encoded data is provided as a sequence of data bits 
46 (also referred to as encoded symbols), which are composed of actual and 
redundantly added data, and transmitted over a communications link 48. The 

15 communications link 48 may introduce noise into the data transmission and 

therefore, the transmitted data bits 46 may be corrupted by the time they reach 
their destination. Each received (and possibly corrupted) data bit 46a may be 
processed by a Viterbi decoder 50 to provide decoded output data 52. The 
Viterbi decoder 50, (based upon the Viterbi algorithm which was first proposed 

20 by Andrew Viterbi in 1967), provides a decoding system wherein the input data 
42 that was originally transmitted may be determined to a high probability even 
though noise may have affected some of the transmitted (convoluted) data 46. 
In general, the input data 42 may be determined by computing a most likely 
sequence for the input data 42 which is derived from the convolutionally encoded 

25 data 46a. 

Convolutional encoding is performed by convolving (redundantly adding) 
input data bits 42 via an encoder with one or more previous input bits 42. An 
example of a conventional rate 1/2, constraint length 9, convolutional encoder 44 
is shown in prior art Fig. 3. Input bits 42 are input to a series of delay elements 

30 60, such as a shift register 44a, that provides outputs X° through at various 
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points. The outputs X° through may be combined by an XOR function 62a and 
62b to generate an encoded symbol set Gq and G,. The outputs, X° through X^ 
which are connected (tapped) to the XOR function 62a and 62b, will determine 
an output code sequence of Gq and G^ for a given input data sequence 42. The 
5 input to output relationship may be described by a code polynomial for the 

encoder outputs Gq and G,. For example, for the encoder 44 shown in Fig. 3, 
the code polynomial is given as: 

Go = X° + X^ + X' + X' + X' = 1 + X' + X^ + X' + X^ and 
Gi = X° + X' + X' + X' + X' = 1 + X' + X' + X' + X' 

10 Note: Texas Instruments Applications Report SPRA071 , Viterbi Decoding 

Techniques in the TMS 320C54x Family, 1996, provides further details on 
convolutional encoders and code polynomials and is hereby incorporated by 
reference in its entirety. 

As shown, the encoder 44 of Fig. 3, generates the encoded symbol set, 

15 Go and G^, for every input bit 42. Thus, the encoder has a rate of 1/2 (1 input / 2 
output). The constraint length (K) represents the total span of combinations 
employed by the encoder which is a function of the number of delay elements 
60. A constraint length K = 9 implies there are 2 f^-^' = 256 encoder states (the 
ninth bit is the input bit). These states are represented as state SO (binary 

20 00000000) to state S255 (binary 11111111). 

Convolutionally encoded data may be decoded according to the Viterbi 
algorithm. The basis of the Viterbi algorithm is to decode convolutionally 
encoded data by employing knowledge (e.g., mimic the encoder) of the possible 
encoder 44 output state transitions from one given state to the next based on the 

25 dependance of a given data state on past input data 42. The allowable state 

transitions are typically represented by a trellis diagram (similar to a conventional 
state diagram) which provides possible state paths for a received data sequence 
based upon the encoding process of the input data 42. The trellis structure is 
determined by the overall structure and code polynomial configuration of the 

30 convolutional encoder 44 described above. The Viterbi algorithm provides a 
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method for minimizing the number of state paths through the trellis by limiting the 
paths to those with the highest probability of matching the transmitted encoder 
44 output sequence with the received data sequence at the decoder. 

Fig. 4 is an illustration of a portion of a trellis 66 and depicts a basic Viterbi 

5 algorithm butterfly computation. Four possible encoder transitions 70a through 
70d from present state nodes 68a and 68b, to next state nodes 68c and 68d are 
illustrated. As shown, two transition paths (branches) exist from each present 
state node 68a and 68b to each next state node 68c and 68d. The Viterbi 
algorithm provides a process by which the most likely of two possible transition 

10 paths may be determined and subsequently selected as a portion of a "survivor" 
path. For example, branches 70a and 70b provide two possible transition paths 
to the next state node 68c. Likewise, branches 70c and 70d provide two 
possible transition paths to the next state node 68d. The transition paths 70a 
through 70d provide the possible directions to the next most likely states that 

15 may be generated by the convolutional encoder 44 as directed by the input bits 
42. Once a sequence of survivor paths have been determined (through a 
plurality of butterfly stages), the most probable data input sequence 42 to the 
convolutional encoder 44 can be reconstructed, thus decoding the 
convolutionally encoded data. 

20 The decoder operation generally includes the steps of a branch metric 

computation, an Add/Compare/Select (ACS) operation, and a traceback 
operation. The branch metric computation provides a measurement of the 
likelihood that a given transition path from a present state to a next state is 
correct. In the branch metric computation, the received data values, typically an 

25 8 or 16 bit digital value representing the magnitude of voltage or current of an 

input signal, are processed to determine a Euclidean or equivalent distance (see 
Tl reference noted above for further details) between the received data values 
and all possible actual data values, uncorrupted by noise, which may result from 
a state transition from a present state to a next state. 
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Thus, decoding data signals from a convolutional decoder of rate 1/R with 
a constraint length of K requires determining a total of 2^ branch metric values 
for each encoded symbol input to the decoder. As described herein, the set of 
2^ branch metric values is defined as the complete branch metric set for a 
5 particular received input symbol. 

In the next decoder step, previously computed branch metric values for all 
possible state transitions are processed to determine an "accumulated distance" 
for each of the paths to the next state. The path with the minimum or maximum 
distance, depending on the implementation, {i.e., maximum probability) is then 

10 selected as the survivor path. This is known as the Add/Compare/Select, or 

ACS operation. The ACS operation can be broken into two basic operations. An 
Add operation, or path metric computation, and the Compare/Select operation. 
The path metric Add operation is the accumulation of present state values 
(initialized by a user at the start of Viterbi processing and carried fonA/ard from 

15 state to state) with the branch metric values for a received data input sequence. 
The Compare-Select operation computes and compares two values from the 
Add operation to determine the minimum value (or maximum value, depending 
on the implementation) and stores one or more "traceback bits" to indicate the 
selected survivor path. 

20 The final decoding step is the traceback operation. This step traces the 

maximum likelihood path through the trellis of state transitions, as determined by 
the first two steps, and reconstructs the most likely path through the trellis to 
extract the original data input to the encoder 44. 

Conventionally, digital signal processors (DSPs) have been employed to 

25 handle various Viterbi decoding applications. Many DSPs have special 
instructions specifically designed for the Viterbi decoding algorithm. For 
example, many of today's cellular phone applications involve DSP solutions. 
However, when a code such as the code described above (K=9) is employed in 
conjunction with high data rates (384 kbits/sec - 2 Mbits/sec), high computation 

30 rates are generally required. This may require 49 x 10^ to 256 x 10® Viterbi ACS 
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operations per second. These computing operations are multiplied even more 
when multiple voice/data channels are processed by a DSP in a cellular base 
station, for example. Thus, Viterbi decoding may consume a large portion of the 
DSPs computational bandwidth. Consequently, higher performance systems are 
5 necessary to meet increased computational demands. 

Another challenge faced by conventional decoding systems is the need to 
decode various forms of convolutional codes. Many decoding systems are hard- 
wired and/or hard-coded to deal with a particular type of convolutional code. For 
example, the constraint length K, described above, may vary (e.g., K = 9,8,7,6,5, 

10 etc.) from one encoding system to the next. Also, the code polynomials 

mentioned above may vary from system to system, even though the constraint 
length may remain unchanged. A hard-wired and/or hard-coded decoding 
system may need to be re-designed in order to meet these different encoding 
requirements. Various other parameters also may need to be varied in the 

15 encoding/decoding process as well. Therefore, it would be desirable for a 
decoding system to provide a high degree of flexibility in processing various 
forms of encoded data. 

Still another challenge faced by conventional decoding systems are 
increased power requirements. As data is decoded at higher rates, 

20 computational demands of the decoding system often times increase the power 
requirements of the decoders (e.g., DSPs, processing systems). Many 
conventional systems require extensive register and memory accesses during 
the decoding process. This generally increases power consumed in decoders 
and generally lowers decoder performance (e.g., speed, reliability). 

25 Still further yet another challenge faced by conventional decoding systems 

Is the ability to operate with variable data frame sizes in conjunction with 
handling multiple constraint length codes. Typically, data is encoded, 
transmitted, and decoded with a fixed number of bits which is referred to as the 
frame size. Conventional decoding systems may have to provide a plurality of 
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addressing mechanisms and alter other decoder hardware portions to operate 
with variable frame sizes. 

Still further yet another challenge faced by conventional decoding systems 
is to process a plurality of error correction flags and reliability information (e.g., 
5 soft outputs, Yamamoto bits) which reflects on the correctness of the received 
data. 

In view of the above problems associated with conventional decoding 
systems, it would therefore be desirable to have a Viterbi decoding system 
and/or method which provides a high degree of flexibility with increased decoding 
10 performance and with lower power requirements. 

Summarv of the Invention 

The present invention is directed toward a VLSI architecture for a Viterbi 
decoder for wireless or other type applications which may operate within a 
15 programmable DSP system, and which provides flexibility, low-power, and high 
data throughput rates. The architecture is intended to provide a cost effective 
solution for multiple application areas, including cellular basestatlons and mobile 
handsets. 

The decoder preferably operates on a plurality of common linear (single 
20 shift register) convolutional codes of rate 1/n and constraint length, K = 9 (256 
states), or less, and is capable of a substantially high throughput rates of 2.5 
Mbps in the case of K=9. In particular, high data throughput rates are achieved 
by a cascaded ACS system which operates over several trellis stages 
simultaneously. Additionally, the cascaded ACS performs a partial pretraceback 
25 operation, over multiple trellis stages, during the ACS operation. This increases 
system throughput by reducing the complexity of a final traceback operation to 
retrieve decoded output bits and substantially decreasing the number of memory 
accesses associated therewith. 

The high data throughput rate enables the decoder to handle substantially 
30 hundreds of voice channels for next generation cellular basestations. This may 
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greatly reduce the number of DSP processors a system requires and likely 
lowers system costs of a purely DSP based system. These types of data rates 
and codes are employed extensively in wireless applications of many varieties 
from satellite communications to cellular phones. 

5 Since there are variations between particular encoding applications, and 

within some decoding applications with regard to the exact structure of the 
Viterbi decoding problem, flexibility in the decoding architecture is provided. In 
particular, the cascaded ACS system described above may be configured to 
operate on variable constraint length codes by operating over multiple stages of 

10 the trellis for K=9. This is accomplished by operating on a sub-trellis architecture 
in conjunction with a state metric memory. For the cases of K < 9, particular 
ACS stages are bypassed selectively. 

The present invention incorporates a high degree of flexibility to enable 
the decoder to be employed in many variable situations. The decoder flexibility 

15 includes variable constraint lengths, user supplied polynomial code coefficients, 
code rates, and traceback settings such as convergence distance and frame 
structure. 

A DSP interface is provided which is memory mapped to enable high data 
rate transfers between the decoder of the present invention and a DSP. This 

20 greatly reduces the processing burden of the DSP and provides for a more 
powerful system overall. Significant buffering is also provided within the 
decoder. The present invention also supports intelligent data transfer and 
synchronization mechanisms, including various trigger signals such as: execution 
done, input buffer low, and send/receive block transfer completed. 

25 Additionally, the present invention has been designed to operate at high 

data rates and to be highly energy efficient, (/.e., low power). Low power 
operations are accomplished by minimizing register operations and memory 
accesses, and by paralleling and streamlining particular aspects of the decoding 
process. For example, the ACS operation described above performs 

30 pretraceback operations during the ACS operation. Additionally, memory 
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accesses are reduced by operating over multiple stages of the trellis 
simultaneously. 

Another aspect to the present invention enables the decoder to handle 
variable data frame sizes. This is accomplished by enabling a selected ACS 
5 data path to operate in a normal mode while forcing a predetermined path 

decision on the selected ACS. In this way, extra positions in the data frame are 
padded such that during Viterbi decoding, when at the end of the frame, 
traceback will proceed from a desired state of zero. 

According to yet another aspect of the present invention, a Yamamoto 

10 quality bit is implemented along with a cascaded ACS data path. The Yamamoto 
bit is a useful indicator of whether a decoded data frame contains an error. 
According to the present invention, a state metric memory and associated data 
paths and busses are widened in order to store the associated Yamamoto bit 
when updating state metrics associated therewith. 

15 According to still yet another aspect of the present invention, a register 

exchange architecture for selecting path decisions from previous ACS stages is 
enhanced to accommodate soft output decisions. Soft output decisions 
represent a number for each decoded output bit concerning the reliability or 
correctness of the decoders choice for the output bit. 

20 To the accomplishment of the foregoing and related ends, the invention 

comprises the features hereinafter fully described. The following description and 
the annexed drawings set forth in detail certain illustrative embodiments of the 
invention. These embodiments are indicative, however, of but a few of the 
various ways in which the principles of the invention may be employed. Other 

25 objects, advantages and novel features of the invention will become apparent 
from the following detailed description of the invention when considered in 
conjunction with the drawings. 
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Brief Description of the Drawings 

Figure 1 is a block diagram of a prior art wireless communications system; 
Figure 2 is a block diagram of a prior art convolutional encoder and Viterbi 
decoder; 

5 Figure 3 is a schematic block diagram of a prior art convolutional encoder; 

Figure 4 is a prior art Viterbi algorithm butterfly structure illustrating 
possible encoder transitions from present state nodes to next state nodes; 

Figure 5 is a 4 stage, 16 state trellis diagram for Viterbi decoding in 
accordance with the present invention; 
10 Figures 6 is a schematic block diagram of a Viterbi decoder in accordance 

with the present invention; 

Figure 7 is a schematic block diagram of a cascaded ACS unit for a 
Viterbi decoder in accordance with the present invention; 

Figure 8a is a more detailed schematic block diagram of an ACS unit for a 
15 Viterbi decoder in accordance with the present invention; 

Figure 8b is a schematic block diagram of an ACS unit for a Viterbi 
decoder which provides soft output decisions in accordance with the present 
invention; 

Figure 8c is a butterfly diagram depicting properties of state indices for a 
20 Viterbi decoder in accordance with the present invention; 

Figure 9a is a schematic block diagram of branch metric selection unit for 
a Viterbi decoder in accordance with the present invention; 

Figure 9b is a schematic block diagram of a State Metric Update unit for a 
Viterbi decoder in accordance with the present invention; 
25 Figure 9c is a 5 stage, 32 state trellis diagram for illustrating multiple 

phase Viterbi decoding in accordance with the present invention; 

Figure 9d is a schematic block diagram of an address and index 
generation circuit for a Viterbi decoder in accordance with the present invention; 
Figure 10 is a schematic block diagram of a Traceback Unit in accordance 
30 with the present invention; and 
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Figure 1 1 is a flow chart diagram illustrating a methodology for Viterbi 
decoding in accordance with the present invention. 

Detailed Description of the Invention 

The present invention will now be described with reference to the 
5 drawings, wherein like reference numerals are used to refer to like elements 
throughout. 

In accordance with the present invention, a Viterbi decoder 110 (Fig. 6) 
decodes a plurality of trellis stages (Fig. 5) simultaneously via a cascaded ACS 
122 (Fig. 7). This substantially reduces memory access cycles, and thereby 

10 lowers power requirements and increases system throughput. During the 

cascaded ACS operation, a partial traceback of the trellis occurs simultaneously 
during the ACS operation via a unique register exchange architecture (Fig. 8). 
This also, lowers power requirements and increases system throughput. 
Additionally, variable constraint length codes, may be solved via bypass systems 

15 implemented within the cascaded ACS 122, and a plurality of user supplied code 
polynomials may be employed (Fig. 9) to decode various encoding structures. 
This provides a substantial degree of flexibility in the decoder 110. 

Referring initially to Fig. 5, a trellis diagram is shown in accordance with 
an exemplary embodiment of the present invention. The trellis corresponds to a 

20 convolutional encoder from a single shift register code having sixteen states 

(K=5). The sixteen states are represented by state indices (indexes) 0 through 
15 (e.g., 100a, 100b, 100c) which are shown in columns CI through C5 and 
which correspond to particular points in time (e.g., transitions from one encoder 
state to the next). The transitions between columns may be referred to as 

25 stages (e.g., stage 1 , stage 2 etc.). Each stage provides an input to output bit 
mapping from left to right from a previous state (left) to a present or next state 
(right), and a set of branches (e.g., 102a, 102b) represent possible bit transitions 
between stages. The input to output (stage to stage) bit mapping is provided by 
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a set of code polynomials which describe the encoder configuration and is 
supplied by a user. 

The state indices are generated as pointers to mennory locations for 
holding an accumulated state metric (described in more detail below) from 
5 previous stages. It is noted that each state index in each column may only 

transition (provide outputs) to two other defined state indices in the next stage to 
the right in the diagram. Likewise, each state index in a column to the right of a 
column may only receive two inputs from defined state indices on the left. For 
example, state 8 in column C1 may only transition to state 0 or state 1 in each of 

10 the columns C2, C3, C4, etc. In a similar manner, state 12 in any column, may 
only receive inputs from state 6 or state 14 in columns CI , C2, C3 etc. 

As will be described in more detail below, a likely path through the trellis, 
which ultimately determines the original input data to the encoder, is determined 
in the present invention by performing an ACS (Add/Compare/Select) operation 

15 for every set of branches entering each state. A set of branch metrics (described 
in more detail below) are added (the Add portion of ACS) to the accumulated 
state metrics from the previous stage (initially, the accumulated state metrics in 
column CI may be reset to a desired predetermined value, e.g., a value of 0 or a 
very large number). Then, a branch is chosen (the Compare and Select portion 

20 of ACS) from each ACS operation based on which branch will yield the lowest or 
preferably the highest accumulated state metric for the next stage. After a 
number of stages have been solved via the ACS operation, the chosen branches 
will begin to converge on an overall path. By tracing back (described in more 
detail below) a path through each stage from the selected branches, the 

25 decoded data may be determined. 

A top-level schematic block diagram of a Viterbi decoding system 1 10 in 
accordance with the present invention is shown in Fig. 6 and generally consists 
of two primary units: A State Metric Update Unit 120, and a Traceback Unit 130. 
The State Metric Update Unit 120 includes a cascaded ACS 122, a state metric 

30 memory 126, and a branch metric selection unit 138 for receiving branch metrics 
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134 from the Traceback unit 130 and synchronizing the branch metrics 134 with 
the ACS 122. 

The cascaded ACS 122, in conjunction with the state metric memory 126, 
determines a set of accumulated state metrics (SM) 125, which also may be 
5 referred to as path metrics, for each stage in the trellis as the decoding process 
moves foHA/ard in time. The cascaded ACS 122 performs additions, 
subtractions, and comparisons, with a set of incoming branch metrics 134 and 
selects new state metrics from which path decision values 124 are determined. 
This is accomplished by evaluating a metric at each state to determine which 

10 one of two incoming branches provides the smallest or preferably largest next 
state metric 125 depending on the particular algorithm implementation desired. 
The evaluation is performed by the ACS 122, by adding branch metrics 134 to 
the state metric memory 126 which is addressed by the state indices from which 
the branch originates. As will be described in more detail below, branch metrics 

15 134 (preferably determined by a peripheral DSP 140) are sets of numbers, one 
set per trellis stage, which are derived from the convoluted input data to the 
decoder and are typically distance measures between the receiver's (input) soft 
decisions and known modulation points. Other forms of branch metric data, 
however, may be employed and such data forms are contemplated as falling 

20 within the scope of the present invention. 

Preferably, an SRAM memory 126 stores the set of state metrics 125 
which are continually being read out, updated and written back thereto. The path 
decision values 124 are provided to the Traceback Unit 130 and a memory 132 
associated therewith by the cascaded ACS 122, wherein the path decision 

25 values 124 are employed in traceback determinations of the decoded data as will 
be described in more detail below. 

An address and control block 136 directs data through the trellis and 
provides memory addressing for the state metric memory 126. The address and 
control block 136, which is described in more detail below, is responsible for 

30 state index generation which is based upon a user supplied constraint length. 
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The address and control block 136 is also responsible for synchronizing the 
branch metrics 134, which are received in the branch metric selection unit 138, 
with the ACS 122. 

The Traceback Unit 130 is the other primary unit in accordance with the 
5 present invention and serves multiple functions. The Traceback unit 130 stores 
path decisions 124 received from the cascaded ACS 122, and performs a 
traceback therefrom. The process of traceback creates the output (decoded) 
bits, and provides storage for the decoded output and the incoming branch 
metrics 134. The Traceback Unit 130 preferably contains one or more memories 

10 1 32 for storing such data. 

A unique feature of the decoding system 1 10 is the partitioning of the 
overall decoding process between the decoding system 110 and preferably a 
DSP 140 to which the system 110 provides support. All of the branch metric 
computations preferably are performed external to the system 110, preferably in 

15 the host DSP 140. Likewise, depuncturing manipulations may also be performed 
by the DSP 140 (e.g., insertion of null or other compensating values into the 
input stream). This provides for more user control over these functions (e.g., 
branch metric computation, depuncturing, etc.). 

The decoder system 1 10 is flexible in operation. Specifically, it may 

20 operate on constraint lengths of 5 through 9, and process up to 256 states over 
four trellis stages simultaneously. The system 110 processes the rate 1/2 and 
1/3 cases with arbitrary sets of user supplied code coefficients. Also, the bit rate 
may be variable (e.g., the decoder may operate by detecting a received data 
frame of a fixed size, regardless of the bit rate). The system 110 may process 

25 framed input data where the tail (input bits inserted to force a particular state) of 
the data forces a return to state zero or the system may run in a continuous 
decode mode with no forced states. Certain options for effectively presetting 
state metrics at the start of a frame also are available. For example, a user may 
desire to set state zero's initial metric to a largest value and all other states to a 

30 smallest value to force all traceback paths to return to state zero at the start of 
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the frame. The convergence distance that the traceback process utilizes before 
generating output bits also is an adjustable parameter and is supplied by a user. 

A DSP interface circuit 144 provides a memory mapping interface to the 
decoder system 110. The DSP interface 144 operates utilizing block data 
5 transfers of incoming branch metrics and outgoing decoded bits (shown as bus 
146). These transfers may be performed employing DMA (or other ) peripheral 
DSP support. Thus, the bus is utilized efficiently and minimal interaction is 
required from the DSP 140. 

Now referring to Fig. 7, a more detailed block diagram of the cascaded 

10 ACS unit 122 Is shown in accordance with the present invention. The ACS unit 
122 processes a set of state metrics 125 (from the state metric memory 126 of 
Fig. 6) along with a corresponding set of branch metrics 134a through 134d 
(collectively referred to as 134, and received from the traceback memory 132). 
This is achieved by processing the set of state metrics 125 which are carried 

15 fonward in time, stage to stage, as an accumulated state metric, through the 
trellis depicted in Fig. 5. At each stage of the trellis, which correspond to ACS 
stages 150b through 156b, accumulated state metrics are updated utilizing the 
branch metric data 134 of the current stage. State metric updates are 
accomplished by determining the optimal branch (Identified path decision) from 

20 the two possible trellis branches from the previous trellis states. It is noted that 
one ACS operation is provided for each node in a column per trellis stage. For 
example, in Fig. 5, 16 ACS operations are provided for column C2, C3, C4 and 
C5, therefore, each column Includes 16 ACS operations per ACS stage 150b, 
152b, 154b and 156b of Fig. 7. 

25 The optimal branch refers to the branch (Identified path) which yields the 

smallest or preferably largest next state metric as defined by adding the branch 
metric 134 to the accumulated state metric 125 of the trellis state from which the 
trellis branch originates. Each trellis branch corresponds to a set of possible 
output bits, and the branch metric corresponds to a distance measure from the 

30 output bits to the received input data. The output bits are preferably mapped to 
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a constellation point which is transmitted, and the branch metric is the Euclidian 
distance between the received data and the constellation point. Branch metric 
computations are well known in the art and further discussion related thereto is 
omitted for the sake of brevity. 
5 As the ACS process is performed, the chosen branches (e.g., path 

decisions) for each state at each stage of the trellis are recorded. Thus, the 
optimal paths (e.g., identified paths) to each state are known. The decoder 
system 110 output is then determined by traversing through the trellis in a 
reverse direction following the selected branches from above. After a certain 

10 distance, (known as the convergence distance), all of the identified paths from 
other trellis states will most likely have converged to a single path. At this point, 
valid decoded output bits may be derived from the traceback process which is 
described in more detail below. 

As shown in Fig. 7, the ACS unit 122 of the present invention forms a 

1 5 cascade and consists of four ACS blocks 1 50b through 1 56b with groupings of 
delay registers 160a through 160f and cross switches 162 through 164 between 
the blocks. Each ACS block performs a plurality of radix-2 or butterfly 
Add/Compare/Select operations over one stage of the trellis. The ACS cascade 
122 performs a radix-16 ACS operation over four stages of the trellis. Radix-N 

20 refers to the size of the sub-trellis that is operated upon. N refers to the number 
of states and must be a power of two. As will be described in more detail below, 
the trellis shown in Fig. 5, may applied to multiple states, up to 256 per stage for 
K=9, by employing the trellis depicted in Fig. 5 as a sub-trellis over multiple 
states. Basic cascade structure operation may be referenced further in 

25 "Algorithms and Architectures for high speed Viterbi decoding", Ph.D. 

Dissertation, Dept. of Electrical Engineering, Stanford University, 1993, by Peter 
Black which is hereby incorporated by reference in its entirety. 

The radix-16 ACS operates on a 16 state trellis and computes new state 
metrics for a forward step of four stages in the trellis. The cascade 

30 implementation achieves this by computing the state metrics for each 
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intermediate stage (two states per radix-2 ACS unit within ACS blocks 150b 
through 156b) and passing the accumulated state metrics, with appropriate 
reordering (routing the outputs of the present stage to the correct inputs of the 
next stage) to the next cascade stage. The registers 160a-160f and cross 
5 switches 162-166 between the AGS blocks 150b through 156b, perform 

reordering as defined by the particular trellis stage. The cross switches either 
pass the data straight through or exchange the data on the two busses (shown 
as Bus A and Bus B) depending on which portion of the trellis is being operated 
upon. The cross switch settings may change at set rates during decoder 110 

10 operation. 

For operation on convolutional codes with 256 states, the trellis can be 
considered to be composed of an interleaving of 16 subtrellises of size 16. 
Thus, these subtrellises are fed to the cascade ACS datapath 122 in a 
sequential fashion, one after another. The correct nodes for each subtrellis are 

15 read from the SM memory 126, fed to the ACS datapath 122, then the results 
stored back into the SM memory 126. For all constraint length cases (K= 9 
through 5), 'in-place scheduling' is employed, thus only one copy of the state 
metrics are stored. In place scheduling refers to previous state metrics being 
overwritten by new state metric results after the ACS computations have 

20 completed. 

The manner in which the 'in-place scheduled' trellis is partitioned into 
subtrellises has two phases, a phase A and a phase B, which repeat when 
moving forward through the trellis. For example, the 16 state trellis of Fig. 5 may 
be partitioned into subtrellises of size 4 over two stages. Phase A covers 

25 stage 1 and stage 2 wherein the subtrellises are interwoven. Phase B covers 

stage 3 and stage 4 wherein the subtrellises are separated and appear each one 
above another. This results in two distinct phases for generating memory 
addresses and state indices. 

As compared to more traditional approaches which may operate on only 

30 one stage of the trellis at a time, the radix-16 cascade approach of the present 
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invention is more energy efficient. Traditional approaches require reading and 
writing all state metrics once per stage while the present invention reduces this to 
once per four stages. Thus, power savings follow since memory I/O transactions 
consume large amounts of power. 
5 In order to provide more efficient traceback operations (discussed below), 

a novel method for achieving a partial pretraceback of length four is achieved 
during the cascade ACS operation. Pretraceback implies that a partial traceback 
has been performed for each trellis stage prior to storing the path decision 
information for later traceback completion. In accordance with the present 

10 invention, the system employed to implement pretraceback is a combination of a 
unique register exchange (170a, 170b in Fig. 8a) with extensions of the 
reordering hardware 160a through 160f and 162, 163, and 164 which is located 
between the ACS blocks 150b though 156b. 

A pretraceback system is depicted in Figure 8a in accordance with the 

15 present invention. The registers 166, which are part of the ACS data path, in the 
reordering structures are made wider depicted as (n) such that they can hold 
accumulating pretraceback paths. Registers 166 also provide a 10 bit 
accumulated state metric value from the previous stage. It is noted that before 
stage 150b in Fig. 7, n is equal to 0 bits since no trellis stages have been solved 

20 (ACS path determination) at this point. In stage 152b, n is equal to 1 bit since 

one stage has now been determined (path chosen), in stage154b, n = 2 bits, and 
in stage 156b, n = 3 bits. After each ACS block 168a and 168b (top half of the 
ACS block 168a determines path for top butterfly node, and the bottom half ACS 
block 168b determines path for bottom butterfly node), an additional bit is 

25 provided to the next stage as a result of the ACS operations. 

The additional bit indicates which path was selected from the previous 
stage as a result of the ACS operation. Bits 172a and 172b are provided as 
additional bits from the ACS blocks 168a and 168b to select {via mux's 170a and 
170b) the selected paths 174a through 174d which have been carried fonA^ard 

30 (forwarding) from previous stages, to be appended to the selection path from the 
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present stage. The appending function of the additional bits fronn the present 
stage to the chosen pretraceback bits fronn the prior stages (output of mux's 
170a and 170b) is shown at reference numbers 176a and 176b. The register 
paths to the next stage are then represented as n+1 to indicate the accumulation 
5 of partial pretraceback bits which are carried forward to the next succeeding 
stage. 

In accordance with the widened ACS data path structure described above, 
other information and/or data may be determined and routed. The information 
may be related to the quality (likelihood of errors) of a decoded data frame 

10 and/or related to the correctness of the decoder's choice (path decision) for a 
decoded output bit. 

For example, a Yamamoto quality flag or bit is a useful indicator of 
whether a decoded frame contains an error. More specifically, when updating a 
state metric or node, if the branch to the previous state, state Q for example, is 

15 selected, and if a path difference, which is described in more detail below, is 

higher than a user provided threshold value, then the value of the Yamamoto bit 
for the previous state Q will become the value for the Yamamoto bit for the 
current state. If the path difference is not higher than the threshold, then the 
Yamamoto bit is set to zero for the current state. The path difference refers to 

20 the absolute value of the numerical difference between the state metrics of the 
two possible paths to the current state. The state metrics are the sum of the 
associated branch metric and the previous state's state metric. For further 
information regarding specific details of Yamamoto quality flags and 
computations, see for example, "Viterbi Decoding Algorithm for Convolutional 

25 Codes with Repeat Request," IEEE Trans, on Information Theory, Vol. IT-26, 

No. 5, September 1980, pp. 540-547. H. Yamamoto and K. Itoh, which is hereby 
incorporated by reference in its entirety. 

During ACS operations, each state will have an associated Yamamoto bit. 
For all states, these bits or flags are adjusted and moved fonA/ard through the 

30 trellis in the same manner as the state metrics. In particular, during each ACS 
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operation, the Yamamoto bit update is also performed. At the start of the overall 
decoding, the Yamamoto bit for each state is initialized to zero, except for state 
zero which is initialized to one, and this assumes the standard case in which 
encoding starts in state zero. 
5 Preferably, the Yamamoto quality bit in association with the cascade ACS 

data path is implemented as follows. The data width of the state metric memory 
126 in Fig.6, and associated busses is increased by 1 bit to accommodate a 
Yamamoto bit for each state metric to be stored. Writing and reading the state 
metric memory 126 includes a state metric value and an associated Yamamoto 

10 bit. Referring again to Fig. 7, the circuits 160a, 160b, 162, 160c, 160d, 163, 

160e, 160f, and 164 for the cascade data path include the necessary bit width to 
accommodate a state metric and an associated Yamamoto bit, in addition to 
other information which may also flow through the data path. The top half ACS 
block 168 and bottom half ACS block 168b of Fig. 8a are each constructed such 

1 5 that the Yamamoto bit update is performed in parallel with the state metric 

update and such that the incoming bus and outgoing bus each accommodate the 
state metric value and associated Yamamoto bit. At the end of decoding a 
frame, state zero can be read from the state metric memory to obtain the final 
Yamamoto quality bit. 

20 For some applications there is a need for soft output information/data from 

Viterbi decoding. Soft output data is a number for each decoded output bit which 
represents a reliability estimation concerning the correctness of the decoder's 
choice for an output bit. An approximation for soft outputs from a Viterbi decoder 
can be obtained from the path differences, as described above, which are 

25 determined along the traceback path over an entire data frame. 

In general, a method for implementing the soft output data function within 
the Viterbi decoder architecture is to compute path differences during the ACS 
operations and to store them in a manner analogous to how path decision bits 
(176a, 176b of Fig. 8a) are stored, either together with the path decision bits or in 

30 a separate memory. According to the present invention, one path difference and 
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one decision bit is created for each ACS operation on a node in a trellis stage. 
When traceback is performed, the associated soft output for each output bit is 
also recovered from memory. This follows a logical storing progression since 
soft output decision bits are stored following the same ordered sequence as are 
5 the path decision bits. 

By employing this approach, in conjunction with the cascaded ACS units 
which perform partial pretraceback, advantages can be gained over conventional 
systems by utilizing the unique register exchange described above, and partial 
pretraceback concept. For example, the register exchange hardware may be 

10 adapted such that the data path can accomodate the accumulating path 

differences as well as the accumulating path decisions. In addition, the width of 
the associated cascade data path is increased after each ACS block. Then, 
when traceback is performed, the correct group of pretraceback path differences 
may be obtained at the same time that correct path decisions are read from 

15 memory. This has the advantage of tracing back in larger steps, over multiple 
stages, for both the path decisions and path differences/soft outputs. 

Referring to Fig. 8b, the path differences are shown at nodes 173a and 
173b as possible soft outputs from the top half ACS 168a and bottom half ACS 
168b. The group of pretraceback path differences and path decisions from prior 

20 stages enter the ACS blocks via registers 166 and are shown as ( n ). The prior 
path differences and prior path decisions are parititioned from the state metrics 
and Yamamoto bit (which enter 168a and 168b), and are routed to the register 
exchange muxes 170a and 170b. An additional bit, (the path decision bit 172a, 
172b described above) controls the muxes 170a and 170b, thus controlling the 

25 choice of prior path differences and path decisions. This choice is appended 
with the additional bit at nodes 176a and 176b, and with the additional path 
differences from this stage at nodes 175a and 175b. The output data path from 
the ACS block 168c and associated registers are increased in width by ( j ) bits 
for the added path differences and (+1) bits for the added path decisions. 



-21 - 



Docket No. TI-30128 




The register exchange, described above for partial pretraceback, in 
combination with the cascaded ACS 122 provides a unique decoding 
architecture for reducing memory accesses and reducing power consumption. 
The register exchange in conjunction with the cascaded ACS of the present 
5 invention updates traceback memory (described below) after determining paths 
over four stages of the trellis. This reduces traceback memory accesses by a 
factor of four. This substantially reduces power consumption and substantially 
increases decoder 110 performance. 

The cascade ACS structure 122 is also employed for determining codes 

10 of constraint lengths less than 9 (fewer than 256 states). There are two 

embodiments for implementing this feature which provides flexibility for operating 
with various constraint length convolutional encoders. 

The preferred embodiment remains in harmony with the geometry of the 
trellis as in the manner of an in-place schedule (continually overwriting past state 

1 5 metric determinations with state metric determinations from the present stage). 
The geometry of the trellis, as shown in Fig. 5, repeats after a distance equal to 
the memory length (K-1). The constraint length codes are divided into two 
phases, which may not be symmetric, but such that the sum of the length of the 
two phases (number of stages) is always equal to the memory length. In 

20 particular, for K=8, 128 states, a phase I (also referred to as phase A) 

computation of radix-16 is determined over 4 stages of the trellis and a phase II 
(also referred to as phase B) computation of radix-8 is determined over 3 stages 
of the trellis. Similarly, for K=7, phase I is computed over four stages of radix-16, 
and phase II is determined over 2 stages of radix-4. For K=6, phase I is 

25 computed over four stages of radix-16 and phase II is computed over one stage 
of radix-2. For K=5, phase I is computed over four stages of radix-16 and phase 
II is unnecessary. 

To operate the cascade ACS structure for a radix-8, 3 stage situation, for 
example, the first ACS stage 150b is bypassed and the metrics flow through the 
30 data path circuits 160a, 160b and 162, and are effectively fed into the 2"" ACS 
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block 152b. Analogously, for radix-4, 2 stage operations, data Is effectively fed 
Into the S'"* ACS block 154b. For radix-2 operation, data is effectively fed into the 
last ACS block 156b. The bypass mechanism may be employed within the ACS 
block and may be any well known switching system {e.g., mux selected for 
5 bypass) for digitally routing accumulated state metric data through (around) the 
ACS block and reordering hardware without undergoing any computational 
changes. In an alternative embodiment, the ACS blocks and data path may be 
completely bypassed prior to the first ACS block required for computation. The 
radix-8 case, for example, would require bypassing circuits 150b, 160a, 160b 

10 and 162 which are shown in Fig. 7. 

An advantage to the above embodiment is that generating state indices or 
memory addresses is relatively straight fonward. It is to be appreciated that the 
ordering needed for each constraint length case may be expressed as an 
instance of a more general ordering algorithm. For example, unique address 

15 generators may be designed for this embodiment. An alternative embodiment 
operates by always performing radix-16 operations over 4 stages of the trellis, 
provided K>4. However, address generation becomes more involved. 

Generally, the data which is encoded, transmitted and then decoded is 
partitioned into data frames with a fixed number of bits which may be referred to 

20 as the frame size. Usually these frames include a set of K-1 tail bits, all of value 
zero, which forces the encoder to end in the state zero of the trellis. During 
Viterbi decoding, when at the end of the frame, the traceback process generally 
starts from state zero. 

The cascade ACS data path operates on multiple stages of the trellis 

25 at a time and the data frame may be broken into segments where each segment 
size matches the number of operational stages in the cascade. Previously this 
was discussed as the phase A (or phase I) and phase B (phase II) operations. 
For each constraint length, phase A and phase B will each represent a fixed 
number of trellis stages, or analogously, frame bits. However, it may not be 

30 possible to evenly partition the frame into a sequence of these phases. For 
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example, if both phases I and II consist of 4 stages but the frame size is 65, then 
a resultant sequence includes 17 phases, but for the last phase, there is only 1 
frame bit. Conventionally, addressing mechanisms and other portions of the 
decoding hardware may have to be significantly altered to handle various frame 
5 sizes. 

According to the present invention, extra positions in the last phase are 
padded and enable the ACS data path and traceback to operate as they 
normally would, but with a slight modification within the ACS units. Specifically, 
the ACS operation is modified for those ACS units which correspond to the 

10 padded positions in the phase. For the above example with only 1 bit in the last 
phase which has a size of 4, the last 3 ACS units in the data path perform the 
modified operation. 

The modified operation consists of forcing the ACS operation for a top 
node in a butterfly to choose a horizontal branch of the butterfly operation as 

15 depicted in Fig. 8c. Specifically, for ACS operation on state (d,0), the ACS 

selects the branch connected to state (0,d). Since this operation occurs for all 
the padded stages at the end of the frame, the traceback path, when starting in 
state zero of the last stage, can only connect backwards to state zero of the last 
stage of the trellis that corresponds to a valid frame bit. Thus, traceback from 

20 the last valid bit will start in a desired state of zero. 

In accordance with the present invention, the modified ACS operation 
occurs on both the top node and the bottom node of the butterfly for all padded 
stages. This enables a traceback from any state if so desired since only the 
horizontal paths of the trellis are selected, and thus each state may be reached. 

25 Also, the ending state indices can be circularly shifted to the right by the number 
of padded bits to determine the state index that each state will trace back to over 
the padded distance. 

In addition, ACS operations may be further modified such that the 
new state metric determination is equal to the prior state metric along the 

30 connecting horizontal branch. The final set of state metrics may be transferred 
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back to the DSP and utilized within an application. The above approach allows 
the correct state metrics and their indices to be preserved so they can be utilized 
in such cases. 

Communication and/or control to the ACS blocks is required in order to 
5 perform the above modified ACS operations. This may be achieved by sending 
branch metrics corresponding to the padded stages and embedding a code 
and/or flag within the branch metrics. For example, an extra bit may be 
employed as a direction flag in one or more of the branch metrics for each 
padded stage. The branch metrics are passed to the ACS blocks, thereby 

10 enabling the ACS unit to detect the flag and apply the modified operations. 
However, there are alternative embodiments in which the modified ACS 
operations may be implemented. For example, another embodiment is for the 
DSP to flag the decoder that the last phase has P number of padded bits. The 
decoder interface would then communicate the number of padded bits to the 

15 ACS blocks during the last phase of the frame whereby the modified ACS 
operations are then applied. 

Each ACS block 150b through 156b shown in Fig. 7 in the cascade 
datapath operates on a single trellis stage until all states have been processed. 
This implies that the set of branch metrics 134 for a given stage are provided to 

20 the State Metric Update Unit 120 for use in the associated ACS block. However, 
each butterfly operation in an ACS block requires a particular branch metric from 
the current data set and the particular branch metric is to be determined and 
selected. The branch metric selection depends upon the trellis state index and a 
user supplied code polynomial. 

25 The preferred embodiment of the present invention provides two 

equivalent hardware blocks of equal size and virtually identical structure for 
providing the appropriate branch metrics to the ACS blocks 150b-156b. One BM 
selection unit 138 serves the first two ACS blocks 150b and 152b, and the other 
BM selection unit 138 serves the last two ACS blocks 154b and 156b. 
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Fig. 9a depicts the general structure of one such branch metric selection 
unit 138. Each BM selection unit 138 consists of a state index generator 202 
which provides state indices for the trellis and a branch metric index block 204. 
It is to be appreciated that the state index generator 202 may be considered as 
part of the address and control block 136 described earlier in Fig. 6. The branch 
metric index block 204 produces a first set of BM indices 206 and a second set 
of BM indices 208, one for each ACS block 210 and 212. The second set of 
indices 208, is fed through a chain of delay registers 214 which causes the 
indices to arrive at a BM selection multiplexor 216a at the correct time 
(synchronized to the ACS computation). The delays 214 follow the delay 
through the ACS cascade 210 and 212 and associated reordering hardware 
described above. 

The BM selection mux's 216a and 216b utilize the indices from the branch 
metric index logic 204, and select the correct BM from a branch metric holding 
register 218a and 218b, from the set of branch metrics for the ACS stage. One 
bit 220a and 220b of the indices is also fed to the ACS blocks 210 and 212 and 
denotes the sign of the particular branch metric. As a result, only half of the 
branch metrics are stored and transported. It is to be appreciated that other 
convolutional coding schemes may be employed that may require more branch 
metrics to be stored and are thus contemplated by the present invention. 

The state index generators (one generator not shown from the other 1/2 
branch metric selection unit) create identical sequences representing the 
sequence of state indices for the trellis states fed into the ASC cascade 
datapath. The second state index generator (not shown) provides a delayed 
start relative to the first state index generator 202 to insure proper time alignment 
with the cascade states 3 and 4. The BM index block 204 employs each state 
index together with the code polynomials (in a manner similar to how the 
convolutional encoder generates output bits) to generate each branch metric 
index. 
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It is to be appreciated that the state sequence order is different in each 
ACS cascade stage and thus additional operations must be done in cascade 
stages 2, 3 and 4. In effect, the correct state index for each ACS stage is 
derived from the incoming index. The incoming Index is generated as the first 
5 cascade stage sequence, but is directly related to the required index due to the 
reordering of the cascade structure which follows the geometry of the trellis. 
Thus, the required next stage indices may be derived by shifts of the Incoming 
indices with the proper appending of O's and I's to fill the new empty slots (state 
metric column addresses). The proper set of O's and 1 's is defined by known 
10 trellis connections between the states and the state index position in the trellis. 
A counting mechanism 222 may be employed to provide appended bits and 
determine when to utilize different sets of indices for any particular cascade 
stage. For cascade stage 2, for example, one bit is appended, for stage 3, two 
bits are appended, and for stage 4, three bits are appended. 

To further illustrate state index generation of the present invention, and 
referring back to the trellis of Fig. 5, state indices for stage 2 from those of stage 
1 are described in more detail. Related to the properties of the trellis's butterfly 
structure, only one state index per butterfly is required. Also, note that when an 
index or node Is referred to with regard to a particular stage, the index or node is 
20 referring to the left side of the stage. 

The lower butterfly indices of column CI are initially generated for stage 1 
which produces the sequence of 8 indices: 8, 9, 10, 11, 12, 13, 14, and 15. To 
produce the state indices for stage 2, in the correct order of butterflies {i.e., top to 
bottom), observe the first four butterflies in stage 2 which begin atop column C2. 
25 Note that the top node of each of these indices in column C2 connects to a lower 
node in stage 1 which are those of the first four butterflies in stage 1. 
Specifically, the butterflies with indices 8, 9, 10 and 11. These indices are 
directly manipulated to produce the first four indices for stage 2 as follows: 
Interpret the indices as 4 bit numbers; each index is then shifted leftwards; the 
30 most significant bits are dropped; and the least significant bit becomes '0'. This 
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10 



mimics the action of the convolutional encoder when at any of these nodes and 
given a 'O' for an input bit. The resulting four indices are 0, 2, 4 and 6 in column 
C2. Thus, indices for the first four butterflies of stage 2 are produced for the top 
nodes. 

Now turning to the last four butterflies of stage 2 in fig. 5, the bottom 
nodes connect to the bottom nodes of the last four butterflies of stage 1 . Thus, 
the indices 12, 13, 14 and 15 from stage 1 are left shifted, the most significant bit 
dropped, and the least significant bit is set to '1'. This produces the indices, 9, 
1 1 , 13 and 15 of column C2 by again mimicking the convolutional encoder and 
assuming an input bit equal to 'V. The same process may be repeated for stage 
3 and stage 4. It can be shown that the appended bits (least significant bits 
above) follow a set pattem. Specifically, a counting pattern from top to bottom. 
In the example above, the pattern is a '0' then 'I', each for four consecutive 
butterflies. For the next stage, the pattern becomes: "00", "01", "10", and "11", 
1 5 each for two consecutive butterflies. 

Generating a branch metric state index is analogus to generating a set of 
output bits for a given state in the convolutional encoder 44 shown in Fig. 3, for 
example. For branch metric indices however, some choice for a hypothetical 
input bit is required in addition to either the upper or lower state index of the 
20 butterfly. The input bit may simply be set to 'O' when the state index is for the top 
butterfly node and to '1' for the opposite case. In addition, from the above 
discussion. It can be seen that the input bit is identical to the least significant bit 
of the state Indices that were created from previous stage's indices since a '0' is 
appended to get to a next stage's top node and a '1' to get to a next stage's 
25 bottom node. 

Referring back to Fig. 4, if node 68a is the index with a most significant bit 
of '0' and node 68c is the index with a least significant bit of '0', then the 
branches 70a and 70b can only be traversed with an input bit of '0' and branches 
70c and 70d traversed with an input bit of '1'. Further, it is well known that the 
30 output bits from branch 70a will be identical to those of branch 70d. It is this 
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property that is utilized above to allow either the butterfl/s top index 68a or 
bottom index 68b to be utilized for generating a branch metric index, provided 
the hypothetical input bit is set to select the horizontal branches in each case. 
Referring again to Fig. 9a, there are various embodiments in which the 
5 state sequence order operation described above may be implemented. In a 

preferred embodiment, arbitrary code polynomials are provided in which case a 
code polynomial register 224a-224c may hold the polynomial. Bit by bit, each 
polynomial may be logically ANDed with the derived state index from above and 
the resulting bits EXCLUSIVE-ORed together to form one bit of branch metric 

10 index (similar to convolutional encoding). Alternatively, if only a certain number 
of different codes are to be implemented, hardware may be provided specifically 
for the codes. This may be accomplished by writing out the logic equations for 
each code polynomial for the branch metric indices (bit by bit), in terms of the 
state index, counting index, and fixed code polynomial. Logic synthesis may 

15 then be employed to produce a compact representation. In either case, the 
same hardware may handle codes of different constraint lengths by logically 
cutting off (e.g., shifting, rotating) un-needed, higher order address bits. It is to 
be appreciated that the number of code polynomials may vary depending on the 
code rate. The embodiment depicted in Fig. 9a operates on the code rates of 

20 1/2 and 1/3. It is further to be appreciated that the invention as disclosed herein 
may be applied to a plurality of other code rates {e.g., 1/4, 1/5, etc.). 

In addition, a single state index generator 202 may be employed to feed a 
branch metric index block that computes all four branch metric indices, each 
index may then be sent to the respective branch metric selection mux through 

25 the necessary delay chain. Also, a generator for each ACS block may be 
employed with the proper delay start time, thereby eliminating the delay 
registers. 

Turning now to Fig. 9b, State Metric memory address generators 400a 
and 402a are shown for reading state metric inputs 404 from prior stages and for 
30 writing state metric outputs 406 from the cascade data path 122. The address 
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generators access the state metric memory 126 in accordance with the order of 
the sub-trellises within the full trellis and the sequential order of butterflies within 
each sub-trellis. Also, an index for each state metric address is required as 
described above in Fig. 9a. For read addresses 410, a state index 412 and 416 
5 are employed in the branch metric selection blocks 414 and 418. For write 

addresses 410a, a state index generator 402b is employed during the process of 
determining the output state metric 406 with a largest value (which may be 
minimum value depending on implementation), for example. A state index 420 
of the largest state metric is saved and utilized in the traceback unit 130 (Fig. 6) 

1 0 for the traceback process. 

As discussed previously, when processing forward or backward on a 
trellis, the trellis stages may be broken into groups of stages which are 
processed in phases, such as, phase A and phase B. The address and 
index generation operates differently on each phase, except for the case 

15 when the constraint length K is less than or equal to 5, in which case, only phase 
A is required. In addition, for phase A, the read addresses are identical to state 
indices associated therewith. For phase B, the write addresses are identical to 
state indices associated therewith. These properties may be utilized within the 
address and index generators. For example, a state metric unit controller 422 

20 which directs data flow into and out of the state metric unit 120 and controls the 
operations therein may be simplified (reduced circuitry). The controller 422 may 
be simplified since it is not required to contain counting mechanisms that count 
to the maximum number of states of a particular trellis implementation. In terms 
of the trellis, the controller 422 is required to control the data path 122 on the 

25 basis of a sequence of sub-trellises which are radix 16, radix 8, radix 4, and radix 
2 as described above. This is accomplished, in part, by having the 
address/index generators provide a Last signal (described below) which notifies 
the controller 422 or other blocks that an address/index generation for a 
sequence of sub-trellises has completed for any one phase. 
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As an illustration of tlie required address and index generation required, 
please refer briefly to the 32 state trellis (K = 6) in Fig. 9c over 5 trellis stages. 
As discussed previously, phase A processes the first 4 stages and phase B 
processes the last stage. The process repeats as the trellis is continued past the 
5 fifth stage. The numbers shown in the circles (trellis nodes) are the state indices. 
The vertical position of the state indices represents the address pattern in a 
linear fashion, with the top most nodes stored in address 0 and the bottom 
most nodes in address 31. 



10 



The correct order for reading in phase A from column CI , for example, in 
terms of indices or addresses is as follows: 



{{0,16,2,18,4,20 14,30}, {1,17,3,19,.. .,15,31}}. 



The correct order for writing in phase A from C5 in terms of indices 
only is as follows for addresses only: 

{{0,2,4,6,. ...28,30}, {1 ,3,5,7,.. .,29,31}}. 



15 



The correct order for writing in phase A from C5 in terms of indices 
only is as follows for indices only: 
{{0,1,2,3,. ..,30,31}. 



20 



The correct order for reading in phase B from C5 in terms of indices 
only is as follows: 

{0.16,1,17 15,31}. 



The correct order for writing in phase B from C6 in terms of indices 



or addresses is as follows: 



{0,1,2,3 30,31}. 



25 



Another property that may be utilized is as follows. The two state 
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indices of a butterfly, for either the input nodes or the output nodes, differ in only 
one bit position. This can be seen from the indices shown in Fig. 8c. Note that 
on the input side (left side) the indices are (0,d) and (1 ,d), thus only the MSB 
differs. This property is useful because the butterfly nodes are accessed top 
5 node then bottom node, regardless of whether reading or writing. It is to be 

appreciated that the top and bottom nodes may be accessed in the reverse order 
of bottom node then top node respectively, regardless of whether reading or 
writing. 

Utilizing all of the above properties, address/index generators can be 

10 implemented which function for all the desired settings of constraint length and 
trellis phase. These implementations can be area efficient by employing only a 
minimal amount of counter elements together with associated circuits for 
rearranging the connections such that the correct outputs are produced. Area 
efficiency is also gained by combining the address and index generation for the 

15 read function and the write function. 

Now referring to Fig. 9d, an address and index generation circuit 500 as 
described above is shown in greater detail. The generation circuit 500 includes 
two counters 501 and 502 which count upwards from 0 to 15 in increments of 1 
then wrap back to 0. Each counter has a control signal input 501a and 502a 

20 respectively which when true allows the counter to count and when false causes 
the counters to hold their count values. 

A toggle circuit 503 provides a single bit 504 (Alt_bit) used to differentiate 
the two nodes of each butterfly. When bit 504 is 0, the top node is identified, 
when bit 504 is 1, the bottom node is identified. The circuit 503 toggles its output 

25 between 0 and 1 , holding each output for one clock cycle. A clock input 503a is 
a clock at the 2x clock speed (double rate), whereas the counters 501 and 502 
operate at 1x clock speed. Hence, the addresses 51 1 and indices 513 that are 
output are generated at the 2x clock speed. 

The generation circuit 500 outputs are the memory address 51 1 , the state 

30 index 513, and the Last signal 507 which signifies the end of a complete 
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sequence of sub-trellises and is employed to simplify the state metric unit 
controller 122 as described above. The address 51 1 is provided via mux 512, 
and the index 513 is provided by muxes 514 and 515. These muxes will be 
described in more detail below. 
5 To further illustrate the generation circuit 500 operation, a phase A 

operation is first considered. The counter 501 advances every clock cycle. 
When the 3 LSBs of 505 (Hijnc) are equal to binary "1 1 1" as determined by a 
comparator 506, counter 502 advances, and also, if output 508a from 
comparator 508 Is true, then the Last signal 507 is set true. The comparator 508 

10 output is true when its input 509 (Lojnc) has a certain number (specific for 

phase A and depending upon the code's constraint length and shown in the table 
below) of LoJnc LSBs equal to the value of 1. The signal labeled Mopt appears 
in four places 510a, 510b, 510c and 51 Od and is a set of control bits which 
convey phase and constraint length information. 

15 Now referring to a phase B operation for the generation circuit 500, a 

counter 502 advances every clock cycle. Counter 501 advances when the 
output of comparator 508 is true. This occurs when the input 509 to comparator 
508 has a certain number (specific for phase B and depending upon the code's 
constraint length and shown in the table below) of its LSBs equal to the value 1 . 

20 The Last signal 507 is set true when output signal 508a is true and when the 
input 505 to comparator 506 is equal to binary "1 111". 

Muxes 512 and 514 are generalized multiplexing operations and, 
depending upon the input control bits, will choose some portion or no portion of 
the available data input busses, and arrange these in the desired order to 

25 produce the output bits 51 1 and 514a. If any portion of an input bus 505 or 509 
is chosen, it is always consecutive bits and contains the LSB. Mux 515 selects 
signal 51 1 if phase A is operational, otherwise Mux 515 selects the input 514a. 

Mux 512 provides output 51 1 according to the patterns given in 
the following tables. The numbers in the table represent the number of least 

30 significant bits taken from each input signal bus to compose the output 511. In 
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effect, each bit field is concatenated together to form an output signal with 8 bits. 
The column order is preserved with the left side ( the binary "0000") representing 
the MSBs. 

Phase A 



10 



K-1 I "0000" 



alt bit 



Hi inc 



Lo inc 



8 


1 0 1 


3 


4 


7 


1 1 1 


3 


3 


6 


1 2 1 


3 


2 


5 


1 3 1 


3 


1 


4 


1 4 1 


3 


0 



Phase B 



15 



K-1 

8 
7 
6 
5 



"0000" 



Hi inc 



alt bit 



Lo inc 



0 
1 
2 
3 



4 
4 
4 
4 



3 
2 
1 
0 



Mux 514 provides output 514a according to the following patterns: 



20 Phase A 

Don't Care (Outputs not used) 



Phase B 
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K-1 I "0000" 



8 
7 
6 
5 



0 
1 
2 
3 



alt_bit 

1 
1 
1 
1 



Lo inc 



Hi inc 



3 
2 
1 
0 



4 
4 
4 
4 



A write address and index generation circuit (not shown) operates in 
almost tlie same manner as does the read generation circuit described above. 
The diagram of Fig. 9d is used for the write generation description. The write 
10 generator differs from the read generator in the following manner. The 

comparators 506 and 508 operate differently as described below, muxes 512 
and 514 are wired differently, and mux 515 selects signal 511 when phase B is 
operational, and signal 514a when phase B is not operational. The comparators 

506 and 508 operate as follows. First considering phase A, if the 3 LSBs of 
15 Hijnc 505 are equal to binary "111", then comparator 506 sets its output true 

which allows counter 502 to advance. Also, under the same condition, if input 
509 Lojnc to comparator 508 has a certain number (specific for phase A and 
depending upon the code's constraint length and shown in the table below) of its 
LSBs equal to the value 1 , then the comparator 508 output is set true causing 

20 the Last signal 507 to be set true. 

Now consider phase B operation. If the signal 509 LoJnc is equal to 
binary "1 111", then the output of comparator 508 is set true allowing counter 501 
to advance. Also under this same condition, if the input 505 HiJnc to 
comparator 506 has a certain number (specific for phase B and depending upon 

25 the code's constraint length and shown in the table below) of its LSBs equal to 
the value 1, then the comparator 508 output is set true causing the Last signal 

507 to be set true. 



Mux 512 provides its output according to the following patterns: 
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Phase A 

K-1 I "0000" 
..... I 



8 
7 
6 
5 
4 



0 
1 
2 
3 
4 



Hi inc 



3 
3 
3 
3 
3 



Alt bit 



Lo inc 



4 
3 
2 
1 
0 



10 



Phase B 
K-1 I "0000" 



15 



8 
7 
6 
5 



I 0 

I 1 

I 2 

I 3 



Hijnc 

3 
2 
1 
0 



Lo inc 



4 
4 
4 
4 



Alt_bit 

1 
1 
1 
1 



Mux 514 provides its output according to the following patterns: 



20 



Phase A 
K-1 I "0000" 



Lo inc 



Hi inc 



8 


1 0 


4 


3 


7 


1 1 


3 


3 


6 


1 2 


2 


3 


5 


1 3 


1 


3 


4 


1 4 


0 


3 



Alt bit 



25 Phase B 

Don't Care (Outputs not used) 
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The Traceback Unit 130 of Fig. 6 will now be described in greater detail. 
Referring back to Fig. 6, the main function of the Traceback Unit 130 is to 
perform traceback operations on the partial pretraceback decisions which have 
been stored in the traceback memory 132 during the ACS operations described 
5 above. The Traceback Unit 130 also performs the functions of accumulating and 
storing the decoded output data, and serves as buffer storage for the branch 
metrics on their route from the DSP 140 to the State Metric Update Unit 120. 

The traceback operation consists of traversing backwards through the 
path decision data following a path that each new data item helps to construct. 

10 Once enough steps of the traceback process have been accomplished 

(convergence distance), decoded output bits may be accumulated, which are 
derived from the same data. The basic traceback operation is well known. The 
core of the Traceback Unit 130 is constructed as a direct implementation of the 
Viterbi algorithm as directed by the manner in which path decisions are stored in 

15 memory 132. The traceback operation of the present invention is unique in that 
it operates on various constraint length codes and with various lengths of 
pretraceback. Additionally, the Traceback Unit 130 simultaneously provides 
decision storage, traceback, decoded output storage and branch metric storage. 
The various storage requirements may be provided by one or more memory 

20 circuits. 

For traceback operation with a pretraceback of length four, for example, 
the most common situation, a 32 bit word, which is described in more detail 
below, is read from the traceback memory 132 and the lower bits (least 
significant) of the state index shift register (not shown) are employed to select 
25 four bits from the 32 bit word. The four bits are the next pretraceback item that is 
needed and immediately becomes part of the next state index because these 
items have already been traced backwards. A portion of the MSBs of the state 
index are utilized together with a circular count variable to form the memory 
address. 
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When performing traceback with pretraceback lengths less than four, or 
codes of smaller constraint length, the hardware is constructed to select only the 
length needed from the memory word. The number and position of bits from the 
state index register are also adjusted accordingly. In this manner multiple codes 
5 are enabled. 

Once the convergence length (survivor path distance) has been passed in 
the traceback process, the decoded output bits may be accumulated. The 
decoded output bits come directly from the selected portion of the memory word 
that is provided to the state index. These bits come in groups of identical size to 

10 the pretraceback length, and are accumulated into a 32 bit register and stored in 
the traceback memory 132 as needed. 

The pretraceback decision bits arriving from the SM Update Unit 120 are 
also accumulated into a 32 bit register before being written into the traceback 
memory 132. The information is arranged sequentially within the register and in 

15 the memory 132 such that portions of the constructed state index may be utilized 
as pointers to the information as discussed above. 

The Traceback Unit 130 controls all the I/O operations and buffer 
management concerning the traceback memory 132. Decoded output storage, 
branch metric storage and decision data storage all require circular buffers. 

20 Now referring to Fig. 10, a more detailed schematic block diagram of the 

Traceback unit 130 is shown. In particular, Fig. 10 depicts how the Traceback 
Unit stores decision data 124 {i.e., partial pretraceback data) which is received 
from the cascaded ACS 122 illustrated in Fig. 6. An I/O memory 132a is 
included for storing decoded output words 300 and providing output words 300a 

25 to an external DSP 140, shown in Fig. 6. The I/O memory 132a also stores 
incoming Branch Metric words 310 from the DSP 140, and provides the 
appropriate branch metrics words 134 to the State Metric Unit 120. The 
Traceback Unit 130 also performs and fully controls all of the traceback 
operations and provides address generation and FIFO management as will be 

30 described in more detail below. 
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A plurality of multiplexors are shown in Fig. 10 for Traceback Unit 130 
operations. Some of these are standard multiplexors in that they only choose as 
an output one of the input bit vectors that are shown. However, other 
multiplexors are generalized multiplexors. These have complex descriptions and 
5 will choose the output, from the inputs, by following a custom choice of inputs, 

which depends upon the control bits to the multiplexors. That is, the multiplexors 
may consider all the input vectors as individual bits grouped together and can 
choose any of these bits In any order as the selected output bits. These are built 
by providing particular definitions for bit choices which depend upon control bits 

10 within a VHDL process. This is then synthesized, usually into a layered 
structure, of traditional multiplexors. 

A Traceback Memory Mux 312 Is a standard multiplexor and chooses 
either the decision store address 314 or the Traceback address 316 to present to 
the traceback memory 132. A Decision Mux 318 is a generalized multiplexor 

15 and chooses decision input vectors and some feedback bits such that 8 bits of 
decisions 318a and 318b are placed into non-overlapping positions within a 32 
bit register 320. The effect Is that the vectors are stacked in order of arrival in 
the register 320 and stored In the memory 132 after 32 bits or 4 vector sets have 
arrived. An I/O Memory Data Mux 322 is standard multiplexor and selects output 

20 words 300 or branch metric words 31 0 for storage in the I/O memory 1 32a. 

A Traceback Mux 324 Is a standard Mux and considers a 32 bit Input 
vector 324a as 8 vectors of 4 bits each, all in linear order. The mux 324 chooses 
one of the 4 bit vectors (318a or 318b that were previously stored in a word) as 
output 324b. Each of the 4 bits 324b are a partial pretraceback path segment 

25 {i.e., one of the 4 bit decisions that was stored previously, though at times only 
one, two, or three bits may be Invalid because of bypassing as discussed 
above). The four bit partial pretraceback decisions 324b are then routed through 
standard mux's 326a, 326b and 326c. 

A generalized mux 328 selects the correct 3 bits out of the 6 input bits 

30 328a and 328b to use in the next cycle for choosing a correct portion of the 
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traceback word. These 6 input bits 328a and 328b represent a portion of a 
present state index in the traceback process. The mux 328 selection depends 
upon the convolutional code's constraint length and how many stages of the 
trellis are being operated upon. 
5 A generalized mux 330 selects out of the 8 bits of the present state index 

330a or 330b, and selects a set of 4 bits that will be decoded output bits. 
However, at times, there may only be 3, 2, or 1 bits that are valid depending on 
the constraint length. 

A generalized mux 332 effectively stacks valid decoded output bits 336 into 

10 an accumulation register 338. When 32 valid bits are stored in the accumulation 
register 338, they will be sent to the I/O memory 132a via generalized mux 340. 
Mux 340 selects the correct 32 bits which are valid decoded output bits out of 35 
bits in the accumulation register 338. The selection depends upon constraint 
length and number of trellis stages. 

1 5 A generalized Traceback Address Mux 342 forms the lower portion of the 

traceback address 342d for the next traceback word 324a. The mux 342 selects 
the correct address bits from 9 bits of input from 3 different vectors 342a, 342b 
and 342c. Again, the selection depends upon the constraint length and number 
of stages. The complete traceback address is constructed by concatenating the 

20 lower address bits 342d with the higher bits 342e of a traceback pointer 342f 
which is shown as an arrow feeding lines 342a and 342e. This pointer 324f 
comes from a counter (not shown) within the traceback controller 334 and 
provides for moving backwards through the traceback memory 132 to achieve 
traceback. A portion of the traceback pointer bits 342a may also be used to form 

25 the lower address bits 342d via mux 342 as necessary for various constraint 
length codes. 

The traceback controller 334 contains all the logic for controlling the 
Traceback Unit 130, includes numerous counters, registers and multiplexors 
which are necessary for controlling the operations described previously, and for 
30 controlling address generation and memory data management. 
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Now referring to Fig. 1 1 , a methodology for a Viterbi decoding system is 
shown in accordance with the present invention. At step 400, a plurality of ACS 
operations are performed over a plurality of ACS stages via a cascaded ACS unit 
122 as described above (see, e.g., Fig. 7). Proceeding to step 410, path 
5 decisions are determined for all branches entering a stage of the ACS 122 as a 
result of the ACS operations of step 400 {see, e.g., Fig. 7, Fig. 8). Proceeding to 
step 420, path decisions are accumulated during the ACS operations by 
widening the data path of the ACS (e.g., appending path decision bits to the ACS 
data path, see, e.g., Fig. 8). 

10 At step 430, accumulated path decisions are forwarded to succeeding 

ACS stages {see, e.g.. Fig. 8). This may be accomplished, for example, by 
routing the accumulated path decisions to the succeeding ACS stages based 
upon identified path decisions of the succeeding ACS stage (e.g., path decision 
bit of succeeding stage selects accumulated path from previous stage via mux 

15 circuit). The accumulated path decisions are then combined with the path 

decisions of the succeeding ACS stage via the mux circuit (see, e.g.. Fig. 8). 

At step 440, a set of accumulated path decisions over a plurality of ACS 
stages are provided to the traceback memory. For example, the accumulated 
path decisions may be appended to the path decisions of succeeding ACS 

20 stages. The appended path decisions are then stored in the widened ACS data 
path (see, e.g., Fig. 8). After completing step 440, the process proceeds back to 
step 400 whereby more decoding operations may be performed. 

Although the invention has been shown and described with respect to a 
certain preferred embodiment or embodiments, it is obvious that equivalent 

25 alterations and modifications will occur to others skilled in the art upon the 

reading and understanding of this specification and the annexed drawings. In 
particular regard to the various functions performed by the above described 
components (assemblies, devices, circuits, etc.), the terms (including a reference 
to a "means") used to describe such components are intended to correspond, 

30 unless othenwise indicated, to any component which performs the specified 
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function of the described component {i.e., that is functionally equivalent), even 
though not structurally equivalent to the disclosed structure which performs the 
function in the herein illustrated exemplary embodiments of the invention. In 
addition, while a particular feature of the invention may have been disclosed with 
5 respect to only one of several embodiments, such feature may be combined with 
one or more other features of the other embodiments as may be desired and 
advantageous for any given or particular application. 
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